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We have used superparamagnetic magnetic force microscopy ~MFM! tips to obtain high spatial
resolution MFM images of recording heads. Profiles of the magnetic field gradient above a thin-film
recording head under 3 mA bias current to the head and various tip-head distance conditions are
presented. At a low tip-head distance, the gap width, gap location, and gap-field structure can be
well resolved in these MFM images. Superparamagnetic tips show promise for the magnetic
imaging of recording heads with gap widths below 200 nm. © 1997 American Institute of Physics.
@S0003-6951~97!01701-4#
Magnetic force microscopy ~MFM! has been used to
study the field profile of thin-film recording heads.1–13 MFM
applications in the design and development disk drive com-
ponents have expanded rapidly over the last few years be-
cause of the need to explore nanometer scale phenomena that
limit recording density. In this letter, we report a method to
improve resolution in the measurement of gap-field profiles
of thin-film recording heads. We have been able to determine
relevant details of the gap-field profiles and precisely deter-
mine the gap position.
It is very difficult to characterize and evaluate the mag-
netic response of thin-film heads before they have been in-
corporated into a disk drive. Presently, most studies of re-
cording head response are based on direct recording
performance. The direct determination of the head-field pro-
file is very useful when comparing the performance of the
recording head with design models. Quantifying the spatial
variation of head fields and field gradients provides a useful
feedback to the design goals, and is critical for the develop-
ment of new heads. It is not easy to explain the gap-field
structure from MFM images of recording heads, because ~1!
the field profile is not well resolved, ~2! the magnetic hyster-
esis in the MFM tips causes history-dependent interactions
between the tip and the sample, and ~3! the ‘‘semihard’’
magnetic nature of the MFM tip coatings produces images
that are difficult to use in estimating field profiles in the gap,
due to the huge magnetic flux densities in proximity to the
gap. As recording densities increase, recording gaps in future
heads may be even smaller than the currently typical values
of 200–500 nm.14 Improvements in MFM techniques are
clearly needed to keep pace with industrial developments.
The advantage of using superparamagnetic tips in the
imaging of recording heads was demonstrated recently.13 In
comparison to the MFM images taken using Co85Cr15 coated
tips, the MFM images using superparamagnetic tips shows
reduced tip hysteresis effects and clearly delineate the gap-
field profiles from the pole pieces.
The tips used in this experiment were commercial silicon
micromachined cantilevers coated with superparamagnetic
Fe70~SiO2)30 films. The cantilevers have spring constants of
1–5 N/m, resonant frequencies of 70–89 kHz, and quality
factors of about 200 in air. Details of the film preparation
and its magnetic properties can be found in previous
publications.15–18 The samples investigated were inductive
thin-film recording heads typical of those currently found in
hard-disk drives. The gap width of these thin-film recording
heads is about 200 nm. The recording heads were driven by
a dc current in the range of 2 to 10 mA. The topographic and
magnetic images were taken simultaneously permitting di-
rect correlation of magnetic profile to the topography of the
pole pieces. The topographic data were taken by an atomic
force microscope ~AFM! in intermittent contact and the mag-
netic data ~MFM image! were recorded with the tip at vari-
ous fixed distances from the air bearing surface ~ABS! of the
thin-film recording head.19–22 In this method, the force gra-
dient between the sample and the sensing tip was measured
by the frequency shift of the cantilever.
The best MFM spatial resolution occurred while the tips
were scanned at nearly zero distance above the ABS. The
actual distance above the ABS is about half of the rms am-
plitude of the cantilever plus the scan height. The distance
between the center of the vibrating cantilever and the surface
of the sample was fixed when the MFM image was recorded.
As the vibration amplitude goes down, the tip moves away
from the surface. One of the methods to achieve nearly zero
distance above the ABS is to use a low scan height and
gradually reduce the vibration amplitude until there is no
topography interaction between the cantilever and the sample
during the recording of the magnetic signal. The lowest dis-
tance above ABS achieved in this work was about 15 nm
which is half of the rms amplitude of the cantilever. The
vibrating amplitude used for acquisition of MFM images
~about 8 nm! was about 1/4 of the amplitude used for acqui-
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sition of topographic images. The reduction of the cantilever
vibration amplitude does not affect the magnitude of the fre-
quency shift. We observed only a decrease of the signal to
noise ~S/N! ratio. It has been shown that the signal is pro-
portional to the thickness of magnetic coating of MFM tips.23
In this report, we show only the results obtained using a 80
nm Fe70~SiO2)30 tip coating which is twice the thickness
used in the previous work.13 The results obtained from using
the Fe70~SiO2)30 tips with 40-nm-thick coatings are similar
and have about half the frequency shift of the 80 nm tips.
Figure 1 shows 10 mm 310 mm images of a thin-film
recording head using a Fe70~SiO2)30 superparamagnetic
MFM tip with a coating thickness of 80 nm. Figure 1~a! is a
topographical image of the recording region taken by the
AFM. The cantilever was vibrated at a resonance frequency
of 77.2182 kHz with about 30 nm rms amplitude. It shows a
typical thin-film recording head with two pole pieces that are
approximately 4 mm 36 mm each as measured by the AFM.
The gap is visible between the pole pieces, as are polishing
marks that happen when the pole pieces are lapped. Figure
1~b! is the corresponding MFM image of the same region in
Fig. 1~a!. This image was taken with a bias current of 3 mA
to the head, and tip-head distance of about 15 nm. The tip is
not touching the sample, since the topographic features do
not appear in the magnetic image. Fringing fields around the
head poles are clearly visible. Unlike images taken with
other types of magnetic tips and tip coatings,1–12 the images
taken with a superparamagnetic tip show only a small fre-
quency shift above pole pieces and response to the field gra-
dient. A principle feature of superparamagnetism is the lack
of hysteresis; that is, it has zero remanance and magnetic
coercivity. In contrast to the assumed fixed magnetic mo-
ment, m, of ferromagnetic coated tips, m for superparamag-
netic tips depends on the applied magnetic field. The mag-
netization is always along the field direction, so the net force
is always attractive. Because of the field dependence of the
magnetization of the tip, the interaction is very sensitive to
the strength of the magnetic field as well as the field gradi-
ent.
As shown in Fig. 1~b!, the gap position and the gap
structure are clearly observed. There is a clear double peak,
which is expected due to the strong field gradient near the
pole pieces. The field-gradient profile is asymmetric, with an
additional peak at the left side of the double peak. This sug-
gests that there is a small magnetic flux leakage that may be
due to the insufficient magnetic coupling at the interface be-
tween the gap layer and the left pole piece.
Figure 2~a! is a 2 mm 32 mm topographic image corre-
sponding to the box shown in Fig. 1~a!. Figure 2~b! is an
MFM image corresponding to the topography in Figs. 2~a!
FIG. 1. 10 mm 3 10 mm images of a thin-film recording head, by using an
80 nm Fe70~SiO2)30 superparamagnetic tip. ~a! AFM image, ~b! correspond-
ing MFM image with 15 nm tip-head spacing, and 3 mA current bias to the
head. The color-contrast scales for ~a! and ~b! are 20 nm and 300 Hz re-
spectively. In ~b!, the light color represents attractive force ~i.e., a reduction
of the frequency!.
FIG. 2. 2 mm 3 2 mm images of a thin-film recording head, by using an 80
nm Fe70~SiO2)30 superparamagnetic tip. ~a! AFM image corresponds to the
boxed area that is shown in Fig. 1~a!; ~b! corresponding MFM image with a
15 nm tip-head spacing, and 3 mA current bias to the head; ~c! the line plot
of the MFM image ~b!. The color-contrast scales for ~a! and ~b! are 20 nm
and 300 Hz, respectively. In ~b!, the light color represents attractive force. In
~c!, the peak corresponds to the reduction of the frequency.
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and 2~c! is the contour plot of the image Fig. 2~b!. The width
of the gap measured by magnetic imaging is about 200615
nm, which is very close to that estimated from the topo-
graphic imaging @as marked in Fig. 2~a!# and the specifica-
tion from the manufacturer. The position of the gap, as indi-
cated from the MFM image, also corresponds to that of the
topographic image. The gap is not straight @marked as ‘‘A’’
in Figs. 2~a! and 2~b!#. A small distortion can be seen in the
region close to the end of the gap. The distortion is possibly
caused by the manufacturing process. In addition to the dis-
tortion, the magnetic profile shows asymmetry and an addi-
tional peak in the field profile which is more pronounced
near the end of the gap @indicated by ‘‘B’’ in Figs. 2~b! and
2~c!#. The asymmetry in the field-gradient profile, also
shown in the Fig. 1~b!, does not depend on the direction of
the bias current and occurs only near the left pole. As sug-
gested earlier, this magnetic flux leakage is possibly caused
by different interfaces between the two pole pieces and the
gap layer.
Figure 3 shows the 2 mm line traces taken horizontally
across the gap of the thin film recording head, with a fixed
head current bias of 3 mA, and at different tip-head dis-
tances. The traces are essentially flat above the pole-piece
region and show a large frequency shift in the gap region.
The shape of the field-gradient profile of the recording head
changes with tip-sample distance. Below a tip-sample dis-
tance of 35 nm, which is much smaller than the gap width,
two peaks were observed. As expected from Karlqvist’s for-
mula for thin-film head fields,24 there are two peaks at a scan
height much smaller than the gap width. When the scan
height increases, the double-peak feature smears out. It is
also consistent to our earlier results,13 where we observed
only a single peak, and the estimated gap width was about
2–3 times higher than the actual gap width. This was due to
the large tip-sample distance ~;100 nm! used in the previous
experiments. As shown in Fig. 3, the gap width and position
are more accurately measured because of the reduced tip-
head distance. The shape of the field-gradient profile did not
change when the direction of the current was reversed ~data
not shown!. This also means that the force between the tip
and the sample is always attractive and does not depend on
the direction of the magnetic field. Near the gap region, the
frequency shift of the cantilever increases with increasing
bias current and saturates at a current of about 4 mA, in
agreement with the head manufacturer’s specifications.
In summary, we have shown a method using a super-
paramagnetic tip coating that allows us to obtain high-
resolution MFM images of thin-film recording heads. The
gap width and the gap-field structure are well resolved. Fur-
thermore, we should be able to image a recording head with
a gap width well below 200 nm. The implication of distor-
tions of magnetic field-gradient profiles in recording heads
should be interesting for further study of correlation to re-
cording performance.
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FIG. 3. 2-mm traces taken horizontally across the gap of the thin film re-
cording head, with a bias current to the head 3 mA and at different tip-head
distances. The measured frequency shift is proportional to the force gradient
on the MFM tip.
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